Nuclear NAD ؉ metabolism constitutes a major component of signaling pathways. It includes NAD ؉ -dependent protein deacetylation by members of the Sir2 family and protein modification by poly(ADP-ribose) polymerase 1 (PARP-1). PARP-1 has emerged as an important mediator of processes involving DNA rearrangements. High-affinity binding to breaks in DNA activates PARP-1, which attaches poly(ADP-ribose) (PAR) to target proteins. NMN adenylyl transferases (NMNATs) catalyze the final step of NAD ؉ biosynthesis. We report here that the nuclear isoform NMNAT-1 stimulates PARP-1 activity and binds to PAR. Its overexpression in HeLa cells promotes the relocation of apoptosis-inducing factor from the mitochondria to the nucleus, a process known to depend on poly(ADP-ribosyl)ation. Moreover, NMNAT-1 is subject to phosphorylation by protein kinase C, resulting in reduced binding to PAR. Mimicking phosphorylation, substitution of the target serine residue by aspartate precludes PAR binding and stimulation of PARP-1. We conclude that, depending on its state of phosphorylation, NMNAT-1 binds to activated, automodifying PARP-1 and thereby amplifies poly(ADP-ribosyl)ation.
N
MN adenylyl transferase (NMNAT) is an essential enzyme because it catalyzes the final step of NAD ϩ biosynthesis (1) . There are three isoforms in humans that exhibit tissue-and organelle-specific expression (2) . Because the biological role of NAD ϩ and NADH (collectively termed NAD) has long been thought to be confined to their function as electron carriers, the nuclear localization of the major isoforms, human NMNAT-1 (3) and yeast Nma2 (4) , was somewhat puzzling. However, recent research has revealed many important regulatory functions of the pyridine nucleotides, some of which take place within the nucleus (5) . NAD ϩ serves as substrate for covalent protein modifications such as mono(ADP-ribosyl)ation (6) , poly(ADP-ribosyl)ation (7, 8) , and protein deacetylation by sirtuins, proteins of the silent information regulator 2 (Sir2) family (9) . Pyridine nucleotides are also direct precursors of two calcium-mobilizing messengers, cyclic ADP ribose and nicotinic acid adenine dinucleotide phosphate (NAADP ϩ ) (10 -13) . The predominant NAD ϩ -consuming activity, poly(ADP-ribosyl)ation by poly(ADPribose) polymerase 1 (PARP-1), occurs within the nucleus, as does NAD ϩ -dependent protein deacetylation by sirtuins. Consequently, substrate supply by NMNAT-1 may directly influence these processes. Overexpression of NMNAT-1 extends the lifespan of eukaryotic cells, which has been attributed to augmented NAD ϩ -dependent histone deacetylation catalyzed by Sir2p or its homologs (4, (14) (15) (16) (17) (18) . Increased NMNAT activity is also required for the axon-sparing activity of the chimeric slow Wallerian degeneration (Wld s ) protein, which is composed of 19 amino acids of the ubiquitin assembly protein Ufd2a and full-length NMNAT-1 (19) .
Although suggested previously (3, 20, 21) , a functional interaction between NMNAT-1 and PARP-1 has not been demonstrated. PARP-1 is an abundant nuclear enzyme that binds to DNA single-strand breaks. This binding triggers its catalytic activity, the synthesis of ADP-ribose polymers, and their attachment to acceptor proteins including itself (7, 8, (22) (23) (24) (25) , thereby initiating such events as recruitment of DNA repair proteins (7, 8, (26) (27) (28) and modulation of p53-and NF-B-dependent signaling pathways (29) (30) (31) (32) (33) or chromatin structure (34) .
Nuclear poly(ADP-ribosyl)ation seems to be the major NAD ϩ -consuming process. In the absence of DNA strand breaks, poly(ADP-ribosyl)ation is low, but it increases Ͼ100-fold upon DNA damage. Under these conditions, Ϸ90% of poly-(ADP-ribose) (PAR) is synthesized by PARP-1 (35) . Overactivation of the enzyme may almost completely deplete cellular NAD ϩ stores (36, 37) . Poly(ADP-ribosyl)ation also triggers cell death by releasing apoptosis-inducing factor (AIF) from the mitochondria (38) (39) (40) . Such a broad range of functions requires mechanisms controlling the catalytic activity of PARP-1 to assure the balanced activation of individual pathways.
Here we show that NMNAT-1 associates with PARP-1, which undergoes automodification, thereby increasing the extent of poly(ADP-ribosyl)ation. Moreover, specific phosphorylation of NMNAT-1 by protein kinase C (PKC) precludes the NMNAT-1-mediated activation of PARP-1. Therefore, NMNAT-1 not only provides the substrate but also regulates PARP-1 activity, depending on its state of phosphorylation.
Results
According to a previous study (3) , purified NMNAT-1 has been phosphorylated in cell extracts; however, this modification was not further explored (3) . Prediction programs (3) indicated several PKC-and casein kinase II (CKII)-specific phosphorylation sites. Indeed, commercial PKC phosphorylated NMNAT-1 (Fig. 1A) , yielding up to 20% of 32 P-labeled NMNAT-1 polypeptides as estimated by Cherenkov counting of the excised band. No significant phosphorylation of NMNAT-1 was detected by using CKII, only automodification of the kinase (Fig. 1 A) . In line with a PKC-specific modification, phosphorylation of NMNAT-1 by nuclear extracts was inhibited in the presence of bisindolylmaleimide (BIM) and activated by phorbol myristate acetate (PMA) (Fig. 1B ).
Author contributions: F.B., C.L., and M.Z. designed research; F.B., C.L., and M.Z. performed research; F.B., C.L., and M.Z. analyzed data; and F.B. and M.Z. wrote the paper.
The relevance of these findings is supported by the detection of the phosphorylation of NMNAT-1 in living cells. Human fibroblasts were maintained for 8 h in phosphate-free medium supplemented with 32 P-labeled orthophosphate. Subsequent immunoprecipitation by an NMNAT-1-specific antibody (3) revealed a radiolabeled protein corresponding to NMNAT-1 (Fig. 1C , left lane). As in nuclear extracts, no labeling of NMNAT-1 was detected when the PKC inhibitor BIM was added (Fig. 1C, right lane) . To identify the site(s) of phosphorylation, NMNAT-1 was 32 P-phosphorylated by PKC and subjected to tryptic digestion, and the peptides were separated by HPLC. A single radioactive eluate fraction was found ( Fig. 2A) . The same elution fraction contained the radioactive label when HeLa nuclear extract was used to 32 P-phosphorylate NMNAT-1 (data not shown). MALDI-TOF mass spectrometry of the isolated fraction (Fig. 2B ) revealed a peak (m/z ϭ 1,337.78) corresponding to a peptide containing serine 136 that is predicted to be a PKC consensus phosphorylation site (Fig. 2C) , as well as a mass peak accounting for this peptide plus the phosphate group (m/z ϭ 1,417.75). Fragmentation of this species by postsource decay confirmed the peptide sequence and suggested serine 136 as the site of phosphorylation (data not shown).
When we replaced serine 136 with alanine, phosphorylation of recombinant NMNAT-1 by either PKC or nuclear extract was essentially absent (Fig. 2D) . To preclude alternative phosphor- ylation at the adjacent serine residue S135, we also generated a double mutant, S135/136A. As expected, the overexpressed S135/136A mutant was no more phosphorylated (data not shown). The catalytic properties of the S/A mutants were indistinguishable from those of the WT protein (data not shown).
According to the crystal structure of NMNAT-1 (41), the identified phosphorylation site resides within an external loop that is well suited to mediate the interactions of NMNAT-1 with other proteins, e.g., the nuclear import machinery or PARP-1. Indeed, the nuclear localization sequence (amino acids 123-129) is also located within this loop, in close proximity to the identified phosphorylation site, S136. We tested whether the phosphorylation of NMNAT-1 influenced its nuclear localization. Treatment of HeLa or HEK 293 cells with phorbol myristate acetate (PMA) or BIM had no detectable influence on the nuclear localization of endogenous NMNAT-1 (data not shown). We generated a mutant, S136D, in which the negatively charged side chain of the aspartate residue was intended to mimic phosphorylation. The recombinant proteins were overexpressed in Escherichia coli and HeLa cells. The WT and the S136D and S135/136A mutants (data not shown) had similar catalytic activities and were localized to the nucleus (Fig. 3) . In addition, a catalytically inactive W169A mutant was constructed that was similar to the W170A mutation of mouse NMNAT-1 (19) . The overexpressed protein was inactive and located within the nucleus. When expressed in E. coli, all these proteins could be purified virtually to homogeneity on nickel nitriloacetic acid (Ni-NTA) resins, exhibited the same mobility during SDS/ PAGE, and were recognized by antibodies directed against the N-terminal His 6 tag or WT NMNAT-1 (Fig. 3) .
These observations indicated that neither the phosphorylation of NMNAT-1 at serine 136 nor the catalytic activity had any influence on the subcellular localization of the protein. The recombinantly expressed proteins were also similarly stable with regard to enzymatic activity and intactness of the protein. When transiently overexpressed in HeLa cells, no fragmentation or degradation was detected, and the time courses of expression were similar. Nor did we observe any differences after immunoprecipitation with regard to differential ubiquitination (data not shown). Given the absence of any detectable effect of the modification of S136 on enzymatic activity, subcellular localization, or protein stability, we decided to explore the possibility of a physical interaction between NMNAT-1 and PARP-1.
To visualize the possible affinity of NMNAT-1 for PARP-1, purified NMNAT-1 that had been immobilized on nitrocellulose was incubated with purified 32 P-labeled poly(ADPribosyl)ated PARP-1, protein-free 32 P-labeled PAR, or 32 Plabeled oligo(ADP-ribosyl)ated PARP-1 (42) . The latter was obtained by automodification of PARP-1 in the presence of Ϸ10 nM 32 P-labeled NAD ϩ , thereby attaching only short radiolabeled ADP-ribose oligomers and enabling the detection of PARP-1 binding (43) . As positive controls, PARP-1 and p53, known to bind preferentially to PAR (44), were used. NMNAT-1 exhibited a strong affinity for free and PARP-1-bound PAR, but not for oligo(ADP-ribosyl)ated PARP-1 (Fig.  4A) . Therefore, NMNAT-1 did not appear to interact directly with PARP-1, but rather via ADP-ribose polymers. This observation was somewhat surprising, because PAR did not inf luence the catalytic activity of NMNAT-1 (2). A possible inf luence of NMNAT-1 on the catalytic activity of PARP-1 was tested by assaying PARP-1 automodification in the presence of NMNAT-1 and a low concentration of 32 P-labeled NAD ϩ . The proteins were separated by SDS/PAGE, and automodification of PARP-1 was monitored by autoradiography. An excess of NMNAT-1 of up to 10-fold stimulated the automodification, whereas higher amounts of NMNAT-1 seemed to inhibit PARP-1 (Fig. 4B) , presumably because of the increased binding of NAD ϩ to NMNAT-1 (2), which thereby limited the substrate for PARP-1. The gel-based assay is inapplicable at higher NAD ϩ concentrations, because the extensively modified protein does not migrate as a distinct band but rather as a smear. Therefore, we quantified the byproduct of the reaction, nicotinamide. The amount of [ 14 C]nicotinamide released from [
14 C]NAD ϩ was determined by HPLC using radioisotope detection. At 10 M NAD ϩ , PARP-1 was stimulated by NMNAT-1 by Ϸ3-fold (Fig. 4C) . When using 100 M [
14 C]NAD ϩ as substrate, the stimulatory effect of NMNAT-1 on PARP-1 activity was even stronger (Fig. 4C) . Stimulation of PARP-1 activity by NMNAT-1 was also detected by using 32 P-NAD ϩ as substrate followed by precipitation of the automodified protein with trichloroacetic acid (data not shown). Consequently, the increased nicotinamide release during the HPLC-based assay was not due just to an increase of the glycohydrolase activity of PARP-1. To test whether stimulation by NMNAT-1 has an inf luence on PARP-1-mediated downstream processes, the translocation of AIF, which is known to be triggered by PAR (38 -40) , was studied. HeLa cells were transiently transfected with NMNAT-1 that was N-terminally endowed with a FLAG epitope. Control cells were transfected with enhanced green f luorescent protein (EGFP) directed to the nucleus. After treatment with 100 M hydrogen peroxide, cells transfected with NMNAT-1 exhibited AIF translocation, whereas the mitochondrial localization of AIF was largely retained in the untransfected cells in the same experiment (Fig. 4D) . As shown by the EGFP control, it was not the transfection per se that sensitized the NMNAT-1-expressing cells to H 2 O 2 .
Finally, we tested the possibility that the phosphorylation of NMNAT-1 might influence the catalytic activation of PARP-1. First, the association of NMNAT-1 phosphorylated in vitro (Fig.  5A) or the pseudophosphorylated S136D mutant (Fig. 5B ) with automodified PARP-1 or PAR was assessed. Even though only 15-20% of the NMNAT-1 polypeptides were phosphorylated, a noticeable reduction of the affinity for PAR and automodified PARP-1 was detected (Fig. 5A) . Serial dilutions of the WT and the S135/136A and S136D mutants confirmed that introducing a negative charge into position 136 of NMNAT-1 reduced the affinity for PARP-1-bound PAR (Fig. 5B) . Fig. 3 . Characterization of generated NMNAT-1 proteins. FLAG-tagged WT and mutant proteins were overexpressed in HEK 293 cells. The FLAG tag and nuclei were visualized by fluorescence microscopy using FLAG-specific antibodies and DAPI, respectively (as indicated). Western blots of the purified NMNAT-1 proteins overexpressed in E. coli (as His 6 -tagged proteins) were probed with antibodies specific for the His 6 tag or against WT NMNAT-1 (as indicated). The catalytic activities of the purified recombinant proteins are given as the average value obtained from two independent protein preparations. The activity of the W169A mutant, if any, was below the detection level.
Given the phosphomimetic property of the S136D mutation, we tested whether this amino acid exchange also altered the catalytic activation of PARP-1 observed for WT NMNAT-1. As shown in Fig. 5C , this mutant did not increase PARP-1 activity. However, although inactive, the catalytically dead W169A mutant fully retained the capacity to activate PARP-1 (Fig. 5C) . The notion that a structure-based interaction with NMNAT-1 is required for PARP-1 activation was further corroborated when human NMNAT-3, a mitochondrial isoform (2), was tested in these experiments. In fact, PARP-1 activity was approximately the same in the presence of NMNAT-3 and the S136D mutant of NMNAT-1 (Fig. 5C) . These observations indicate that NMNAT-1 is a specific activator of PARP-1 and that phosphorylation at serine 136 serves to down-regulate this interaction.
Discussion
Here we reveal a functional and physical interaction between the major NAD-consuming pathway, poly(ADP-ribosyl)ation by PARP-1, and NMNAT-1, a key enzyme of NAD biosynthesis. NMNAT-1 stimulates poly(ADP-ribosyl)ation by associating with automodified PARP-1. Strikingly, these interactions can be abrogated by a single amino acid substitution in NMNAT-1, S136D, that resembles PKC-mediated phosphorylation of serine 136.
Poly(ADP-ribosyl)ation is known to be an immediate early event that follows genotoxic assault. Among other functions, this modification serves as an assembly signal for DNA repair factors such as XRCC1 (27, 45, 46) . In view of the limited availability of NAD within the nucleus (47), the vicinity of PARP-1 and NMNAT-1 may result in locally confined substrate supply and thereby selectively feed poly(ADP-ribosyl)ation. Such a mechanism could be of particular importance for the signaling of alterations that require immediate responses such as DNA damage. In this context, the interaction between NMNAT-1 and PARP-1 would require the initial automodification of PARP-1 that is triggered by DNA single-strand breaks, and the subsequent binding of NMNAT-1 might serve to amplify the signal. The observation that the overexpression of NMNAT-1 enhanced the relocation of AIF from the mitochondria in response to oxidant treatment further corroborates this notion. It has been demonstrated that AIF translocation is directly triggered by PAR in a dose-dependent manner (39, 40) . Importantly, NMNAT-1 overexpression does not alter the steady-state level of NAD ϩ (48, 49) . Consequently, the stimulation of PARP-1 and the ensuing AIF translocation are unlikely to be brought about by a general increase of the substrate for PARP-1. Rather, it would seem that PARP-1 activity is enhanced by another mechanism, which is in line with our in vitro observations of a physical interaction with NMNAT-1.
Apparently, under some conditions the activation of PARP-1 by NMNAT-1 is undesirable and can be abrogated by phosphorylation. Our results support the conclusion that serine 136 in NMNAT-1 is a site of PKC-specific phosphorylation and that this modification eliminates the activation of PARP-1. The phosphorylation of serine 136 in NMNAT-1 diminishes the affinity of NMNAT-1 for poly(ADP-ribosyl)ated PARP-1. It may be that the effect of the S136D mutation is attributable to the homohexameric structure of NMNAT-1, resulting in a 6-fold pseudophosphorylation of the assembled protein. Consequently, our results indicate that PKC-mediated phosphorylation of NMNAT-1 could gradually decrease the extent of poly(ADPribosyl)ation by PARP-1.
Although the protein kinase catalyzing the phosphorylation of serine 136 in NMNAT-1 has not been identified, several lines of evidence support the conclusion that it belongs to the PKC family. First, the modification of NMNAT-1 was prevented in the presence of 1 M BIM and stimulated by phorbol myristate acetate (PMA) when using nuclear extracts to phosphorylate the protein. Second, 1 M BIM was also effective in inhibiting the phosphorylation of NMNAT-1 in living cells. Third, commercial PKC (␣ and ␤ isoforms) phosphorylated NMNAT-1 in the same peptide as the kinase activity in nuclear extracts. We also noted that serine 136 in NMNAT-1 represents a highly probable consensus site for PKC-dependent phosphorylation.
The observed stimulation of PARP-1 seems to be mediated by noncovalent association of PARP-1-bound PAR and NMNAT-1. Two different protein motifs have been identified that specifically bind PAR. First, a sequence consisting of Ϸ22 amino acids with basic residues in the N-terminal part followed by a stretch containing nonpolar and basic residues was identified in myristoylated alanine-rich C kinase substrate (MARCKS) proteins. A similar motif mediating PAR binding was also found in several other proteins (50, 51) . Second, macrodomains specifically bind ADP-ribose derivatives including PAR (52) . Although it seems that there is no macrodomain in NMNAT-1, we found a stretch of 20 amino acids (residues 56-75) that, according to previously established criteria (50, 51) , could resemble a PAR-binding motif. According to the crystal structure of NMNAT-1, this part of the sequence is located at the outer surface [see supporting information (SI) Fig. 6 ]. Moreover, the identified phosphorylation site S136 is part of an unresolved external loop (amino acids 108-147) that has its exit and entry points into the core structure in the vicinity of amino acids 56-75. Therefore, the possibility exists that the phosphorylation of S136 might modulate an interaction of PAR with the potential PAR-binding motif. However, this remains to be investigated.
Collectively, our results provide evidence for a mechanism regulating PARP-1 activity. It involves the interaction of NMNAT-1 with activated PARP-1, leading to increased poly-(ADP-ribosyl)ation and possibly including locally confined substrate supply. PKC-dependent phosphorylation of NMNAT-1 prevents this interaction and thereby the stimulation of PARP-1. Therefore, NMNAT-1 is not only essential for poly(ADPribosyl)ation, because it generates the substrate, NAD ؉ , but it might also serve as a transmitter of PKC-mediated signaling processes to regulate PARP-1-dependent functions.
Materials and Methods
Cloning, Mutagenesis, Overexpression, and Purification of Recombinant Proteins. Human recombinant NMNAT-1 (2) and PARP-1 (53) were overexpressed and purified as described. NMNAT-1 cDNA was mutated by using the QuikChange Site-Directed Mutagenesis kit (Stratagene, La Jolla, CA). Cells were cultured in DMEM (Sigma, St. Louis, MO) and analyzed 48 h after transfection.
Measurement of Enzymatic Activities and Synthesis of PAR.
The activity of NMNAT-1 was measured by a photometric assay (3). To generate poly(ADP-ribosyl)ated PARP-1, human recombinant PARP-1 was incubated with 1 Ci of 32 P-NAD ϩ (1 Ci ϭ 37 GBq) and 10 M NAD ϩ in reaction buffer [20 g/ml sonicated herring sperm DNA, 10 mM DTT, 6 mM MgCl 2 , and 50 mM Tris⅐HCl (pH 8.0)]. For oligo(ADP-ribosyl)ation of PARP-1, the reaction mixture contained no unlabeled NAD ϩ . After 20 min at 37°C, samples were analyzed by SDS/PAGE followed by autoradiography. PAR was synthesized as described previously (54) .
PARP-1 activity was determined by the amount of nicotinamide released during PARP-1 automodification. PARP-1 was incubated with 1-100 M NAD ϩ containing 0.05 Ci of nicotinamide/[
14 C]NAD ϩ in reaction buffer. After 10 min at room temperature, nucleotides and nicotinamide were separated from the proteins by centrifugation through a microfiltration device (Millipore, Billerica, MA) with a size exclusion of 5 kDa. The filtrate was analyzed by reverse-phase HPLC as described (2) . Nicotinamide/[
14 C]NAD ϩ and the liberated [ 14 C]nicotinamide were detected by using a radioflow detector (LB 509; Berthold Technologies, Bad Wilbad, Germany) and quantified by peak integration.
Blot-Overlay Assays. Proteins (0.1-2.7 g) were spotted onto a nitrocellulose membrane. After blocking for 30 min with 0.5% BSA in Tris-buffered saline containing 0.5% Tween 80 (TBST) and washing with TBST PAR (5 M), oligo(ADP-ribosyl)ated (0.25 g/ml) or poly(ADP-ribosyl)ated (0.25 g/ml) PARP-1 were incubated with the membrane for 30 min. The membrane was washed with TBST containing 300 mM NaCl, dried, and then analyzed by autoradiography.
In Vitro Phosphorylation of NMNAT-1. NMNAT-1 (500 ng) was incubated with 2-5 g of nuclear extracts or 10-20 units of PKC or casein kinase II (CKII) (Calbiochem, Darmstadt, Germany), 100 M ATP, 1 Ci of [␥-32 P]ATP, 10% glycerol, 10 mM MgCl 2 , 2 mM CaCl 2 , 50 mM KCl, 100 mM NaCl, 0.2 mM EDTA, 1 mM DTT, and 10 mM Hepes/KOH (pH 7.9) for 10 min at 37°C. The proteins were then immediately processed for SDS/PAGE, and the gels were subjected to autoradiography.
Phosphorylation of Endogenous NMNAT-1. Human fibroblasts (WI38) were grown in a six-well plate to Ϸ80% confluence. After three washings with phosphate-free DMEM, the cells were incubated with 0.2 mCi of [ 32 P]orthophosphate per milliliter for 8 h. BIM was added 1 h before cell lysis. Cells were lysed in 10 mM MgCl 2 , 2 mM CaCl 2 , 50 mM KCl, 100 mM NaCl, 0.2 mM EDTA, 1 mM DTT, and 10 mM Hepes/KOH (pH 7.9) and passed 30 times through a 14-gauge needle. The suspension was centrifuged for 10 min at 14,000 ϫ g at 4°C. The supernatant was used for immunoprecipitation.
Identification of the Phosphorylation Site. Recombinant NMNAT-1 was 32 P-phosphorylated and then precipitated by diluting the sample 10-fold with water. Under these conditions, Ͼ90% of NMNAT-1 precipitated, whereas PKC or proteins of the nuclear extract, as well as unreacted [ 32 P]ATP, remained in the supernatant. The sample was centrifuged for 15 min at 14,000 ϫ g, and the pellet was washed three times with water. The pellet was resuspended in 100 mM NH 4 HCO 3 and 10 mM 2-mercaptoethanol, and the protein was digested with trypsin (0.2 g/g of NMNAT-1). After 1 h at 37°C, the peptides were diluted 1:10 with 0.1% trifluoroacetic acid and 3% acetonitrile and separated by reverse-phase HPLC. Fractions of 300 l were collected and analyzed for radioactivity by Cherenkov counting. Radioactive fractions were analyzed by MALDI-TOF mass spectrometry by using a Bruker (Billerica, MA) Reflex MALDI mass spectrometer and ␣-cyano-4-hydroxy cinnamic acid as matrix.
Induction and Detection of AIF Translocation. HeLa S3 cells were transfected to express FLAG-tagged NMNAT-1 (2) or EGFP localized to the nucleus. After 48 h, the cells were stressed for 10 min with 100 M H 2 O 2 in PBS containing 0.5 mM MgCl 2 , 1 mM CaCl 2 , and 1 mg/ml glucose. Thereafter, the cells were kept in growth medium for 110 min. The cells were then fixed with 4% formaldehyde, permeabilized with 0.5% Triton X-100, and immunostained with a polyclonal antibody against AIF (Santa Cruz Biotechnology, Santa Cruz, CA) and overexpressed NMNAT-1 by using a monoclonal antibody against the FLAG epitope (Sigma).
